Introduction
Natural killer (NK) cells are innate immune lymphoid cells that play a critical role in the body's early defense against viruses and cancer due to their ability to recognize and lyse virally infected and malignant cells without prior sensitization and initiate adaptive immune responses [1] . Due to these important attributes, much research has focused on further elucidating NK cell responses in order to exploit their antiviral and antitumor functions for antiviral and cancer therapies [2, 3] . NK cells have a central role in initiating and coordinating the immune response through the secretion of cytokines, i.e., interferon (IFN)-γ, and interactions with other immune cells [4] . NK cells can be activated in vivo through a balance of activating and inhibitory signals transmitted through membranebound receptors and by cytokines secreted by activated antigen-presenting cells (APC) [4] . Both interleukin (IL)-18 and IL-12 are cytokines secreted by APC in response to stimulatory signals [5, 6] . IL-18 and IL-12 both play critical roles in enhancing NK cell activity, IFN-γ production, and modulating the immune response. Studies have indicated a critical role for IL-12 in the dendritic cell-mediated activation of NK cells [7] . Furthermore, IFN-γ produced as a result of IL-12 activation can reciprocally promote IL-12 secretion by APC, generating an inflammatory positive feedback loop [5] . Similarly, IL-18 secreted by APC has been shown to induce IFN-γ production by NK cells and drive the reciprocal activation of APC and NK cells [8] . The critical role for IL-18 in NK cell activity has been established by demonstrating that IL-18-deficient mice have impaired NK cell activity and susceptibility to infection [9] . The effects of IL-18 and IL-12 on NK cells are tightly intertwined. Indeed, Chaix et al. [10] demonstrated that IL-18 is required to prime NK cells to produce IFN-γ in response to IL-12.
Combined stimulation with IL-18 and IL-12 (IL-18+IL-12) has a powerful synergistic effect on NK cell activation and triggers an important immune response to infections [11] . Stimulation with both IL-18 and IL-12 induces greater NK cell degranulation and IFN-γ production compared to stimulation with IL-18 or IL-12 alone [12] . Stimulation with the combination of IL-18, IL-15, and IL-12 has also been shown to generate memory-like NK cells which demonstrate enhanced responsiveness upon restimulation [13] . Although there has been much research focused on NK cell IFN-γ production resulting from IL-18+IL-12 stimulation, few studies have examined other cytokines produced. One study demonstrated that different combinations of IL-18, IL-15, and IL-12 differentially induced IL-10, macrophage inflammatory protein (MIP)-1α, MIP-1β, tumor necrosis factor (TNF)-α, and granulocyte macrophage colony-stimulating factor production by NK cells [14] . However, identifying other cytokines highly produced by NK cells in response to IL-18+IL-12 stimulation would help to further elucidate this critical immune response to infection. Importantly, the potent stimulatory effect of IL-18+IL-12 has also been shown to reverse NK cell anergy in the tumor microenvironment [15] . The use of NK cells as an immunotherapeutic agent for treating cancers has emerged due to their natural ability to recognize and eliminate malignant cells. As a result of the potent enhancement of IL-18+IL-12 on NK cell activity, different immunotherapeutic strategies employing IL-18+IL-12 have garnered much attention for the treatment of cancer. For instance, IL-18+IL-12 administration was shown to reduce the tumor burden in a hepatoma model [16] . In addition, preactivation of NK cells with the combination of IL-18+IL-15+IL-12 has been developed as a method of enhancing NK cell survival and effector function upon adoptive transfer and it was shown to reduce the tumor burden and increase survival in a murine lymphoma model [17] . Recently, IL-18+IL-15+IL-12 preactivated NK cells were shown to induce a clinical response following adoptive transfer to patients with myeloid leukemia [18] . Given the clear potential for treatments employing IL-18+IL-12, it is pertinent to identify and characterize the production of other cytokines highly upregulated by NK cells following IL-18+IL-12 stimulation and assess the implications that such cytokines could have in humans.
IL-8, also termed CXCL8, is a chemokine that was originally characterized as a neutrophil chemoattractant and activating factor [19] . Since its discovery, it has been shown to also induce migration of other immune cells, including T cells, NK cells, and monocytes [20, 21] . The important role of IL-8 in the host response to infection has been outlined by studies showing that absence or inhibition of the IL-8 receptor CXCR2 causes an increased pathogen burden in various infections [22, 23] . In addition to its functions for host defense, it has been well established that IL-8 has multiple tumor-promoting functions, such as tissue remodeling and angiogenesis, and it is implicated in tumor progression [24] . While resting human peripheral blood NK cells do not spontaneously produce IL-8, IL-8 production is characteristic of decidual NK cells [25] . Contrary to the classic antiviral and antitumour roles of NK cells, decidual NK cells are considered immunoregulatory as they play a critical role in tissue remodeling and angiogenesis, functions that are likely to support tumor growth in the context of a tumor environment [25] .
In the present study, we further characterize the NK cell response to IL-18+IL-12 by revealing that IL-18+IL-12 stimulation potently induces IL-8 production by primary human NK cells in multiple contexts. Furthermore, we demonstrate that TNF-α, secreted by NK cells in response to IL-18+IL-12 acts as an intermediate to propagate IL-8 production by NK cells. In turn, the IL-8 produced plays a critical intermediary role in propagating maximal IFN-γ and TNF-α production following IL-18+IL-12 stimulation. These findings further our understanding of this im-portant NK cell response and may have profound implications for the immune response to infections as well as cancer immunotherapies that employ IL-18 and IL-12.
Materials and Methods

Cell Isolation and Expansion
Peripheral blood mononuclear cells (PBMC) were isolated from whole blood of healthy donors using Lymphoprep (StemCell Technologies, Vancouver, BC, Canada) for gradient density centrifugation. For NK cell isolation, CD56+ cells were isolated from PBMC using an EasySep human CD56 positive selection kit (StemCell Technologies) according to the manufacturer's protocol. For NK cell expansion, NK cells were expanded ex vivo from PBMC using K562-based feeder cells expressing membrane-bound IL-21 (K562-mb-IL-21) for 3 weeks, as previously described [26] . For microarray, expanded NK cell cultures were further purified with EasySep human CD56 positive selection and human CD3 positive selection kits (StemCell Technologies) following the manufacturer's protocol.
Cell Stimulation PBMC, expanded NK cells, or isolated CD56+ cells were used for stimulation. Cells (2 × 10 5 ) were stimulated for 24 h with various cytokine combinations. Cytokines and antibodies were used at the following final concentrations: IL-18 (100 ng/L) (MBL, Japan), IL-15 (20 ng/mL), IL-12 (10 ng/mL), IL-2 (100 U/mL) (Peprotech, Burlington, ON, Canada), anti-human IFN-γ (10 μg/mL) (Bio-XCell, West Lebanon, NH, USA), anti-human TNF-α (10 μg/mL), TNF-α (1,500 pg/mL) (eBioscience, San Diego, CA, USA), IL-8 antibody (10 μg/mL) (R&D Systems, Minneapolis, MN, USA), etanercept (10 or 1 μg/mL) (Immunex Corp, Thousand Oaks, CA, USA), and IgG1 isotype control (10 μg/mL) (MyBioSource, San Diego, CA, USA). Supernatants were collected at various time points following the beginning of stimulation. Collected supernatants were used to quantify IL-8, IFN-γ, or TNF-α levels with respective DuoSet ELISA kits (R&D Systems).
Microarray
RNA was isolated from purified, expanded NK cells using a Qiagen RNeasy Mini Kit and RNA quality was determined using a General Electric NanoVue and Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). Samples with a 260/280 nm ratio ±0.1 from 2.0 were used for experiments. RNA was quantitated using Quant-iTTM RiboGreen ® RNA Assay (Life Technologies, Carlsbad, CA, USA) and normalized. RNA was amplified and cRNA was synthesized using an Illumina ® TotalPrepTM RNA Amplification Kit (Life Technologies). Samples were quantitated with RiboGreen (Life Technologies) and normalized. Samples were subsequently tested using the direct hybridization whole-genome expression method and HumanHT-12 v4 Expression BeadChip Kit and scanned using an iScan microarray scanner (Illumina, San Diego, CA, USA). Data was analyzed using GenomeStudio (Illumina) and R commander.
Flow Cytometric Staining
Golgi Stop (BD Biosciences, San Jose, CA, USA) was added to samples 8 h before the samples were stained. Flow cytometric staining was conducted on NK cells and PBMC following stimulation. Cells were first stained with fixable viability dye (eBioscience) in PBS for 30 min, washed, and then stained with extracellular antibodies in FACS buffer as well as corresponding FMO with isotype controls. Cells were fixed with Cytofix/Cytoperm (BD Biosciences) for 20 min and then washed and stained for intracellular markers with antibodies in 1× BD Perm/Wash buffer (BD Biosciences) for 30 min with isotype controls in corresponding FMO. Data acquisition was conducted on the BD LSRII or the BD LSRFortessa (BD Biosciences). Fifty thousand NK cell events were collected for expanded and freshly isolated NK cells, 30,000 NK cell events were collected for NK cells in PBMC, and 100,000 NK cell events were collected for phenotyping IL-8+ and IL-8-NK cells. Data was analyzed using FlowJo software (Tree Star, Ashland, OR, USA).
The following antibodies were used: anti-human CD56-PE CF594, anti-human CD3-APC H7, anti-human NKp46-BV786, anti-human CD69-PE CF594, anti-human CD11b-PE CF594, PE-CF594 mouse IgG1κ, and BV786 mouse IgG1κ (all from BD Biosciences); anti-human CD56-BV421, anti-human CD16-Alexa Fluor 700, anti-human NKG2D-PerCpCy5.5, anti-human NKp44, anti-human NKp30, anti-human CD27-PerCpCy5.5, anti-human CD25-BV785, anti-human CD158b-PE, anti-human CD158e1-Alexa Fluor 700, APC mouse IgG1κ, PE mouse IgG1κ, BV785 mouse IgG1κ, PerCp-Cy5.5 mouse IgG1κ, and Alexa700 mouse IgG1κ (all from BioLegend, San Diego, CA, USA); anti-human IL-8-APC (eBioscience); and anti-human NKG2A-PE-Vio770 and REA control PE-Vio770 (both from Miltenyi Biotec, Bergisch Gladbach, Germany).
Statistical Analysis
Statistical analysis was conducted using GraphPad Prism software (San Diego, CA, USA). Graphs comparing 2 conditions were analyzed via an unpaired t test. Graphs comparing 3 or more conditions were analyzed via one-way ANOVA followed by the Tukey method to correct for multiple comparisons.
Results
Combined Stimulation with IL-18+IL-12 Synergistically Upregulates IL-8 Production by ex vivo Expanded NK Cells
Due to the known synergistic effect of IL-18+IL-12 on NK cell activation and IFN-γ production, we conducted a microarray on ex vivo expanded NK cells to determine whether the gene expression of other cytokines was highly upregulated following IL-18+IL-12 stimulation ( Fig.  1 a, b) . Ex vivo expansion of NK cells has been developed as a method of efficiently generating high numbers of NK cells. The adoptive transfer of expanded NK cells is currently undergoing clinical trials for cancer immunotherapy (NCT01904136). Thus, it was pertinent to study the effects of IL-18+IL-12 on ex vivo expanded NK cells. Surprisingly, the microarray results revealed that, along with IFN-γ, the IL-8 gene was among the top most upregulated genes as measured by fold change in gene expression compared to the unstimulated control ( Fig.  1 a, b) . Given these results, we sought to determine whether the fold change in IL-8 gene expression translated to high levels of IL-8 protein secretion. Indeed, NK cells stimulated with IL-18+IL-12 produced significantly greater levels of IL-8 protein compared to IL-18, IL-12, or media alone, demonstrating a strong synergistic effect of IL-18+IL-12 on IL-8 production ( Fig. 1 c) .
We then assessed the purity of the expanded NK cell cultures and visualized the cell type producing IL-8 in the cultures via flow cytometry to confirm that the IL-8 was being produced by NK cells. In both IL-18+IL-12 and media-alone conditions, the purity of the NK cell population, defined as CD56+CD3-, was >95% ( Fig. 2 a) . Gating on this NK cell population, a significantly greater IL-8 expression was observed in IL-18+IL-12-stimulated NK cells as compared to NK cells in media only ( Fig. 2 a, b) . Furthermore, the mean fluorescence intensity (MFI) of the IL-8+ NK cell population stimulated with IL-18+IL-12 was significantly greater than that of unstimulated NK cells ( Fig. 2 c) . To confirm that the absolute levels of IL-8 measured via ELISA were due to NK cell IL-8 production, the proportion of NK cells in the total live IL-8+ cell population was assessed. NK cells accounted for >95% of the live cells producing IL-8 ( Fig. 2 d) . Collectively, these results reveal that stimulation with IL-18+IL-12 synergistically induces substantial IL-8 production by expanded NK cells.
IL-18+IL-12-Induced IL-8 Production Extends to both Freshly Isolated NK Cells and NK Cells in PBMC
In addition to determining that ex vivo expanded NK cells produce IL-8, it was important to identify whether primary, freshly isolated NK cells produce IL-8 following IL-18+IL-12 stimulation in order to ensure that IL-8 production was not just a phenomenon of the expansion protocol. Freshly isolated NK cells were found to produce striking amounts of IL-8 upon IL-18+IL-12 stimu- 516 lation and significantly greater amounts than IL-18, IL-12, or media alone ( Fig. 3 a) . As shown in Figure 3 b, the isolated population consisted of >90% CD56+ cells, the majority of which were NK cells which exhibited a clear IL-8+ shift following IL-18+IL-12 stimulation. Gating on all live cells that were IL-8+ following IL-18+IL-12 stimulation demonstrated that between 90 and 95% of cells producing IL-8 were CD56+ ( Fig. 3 c) . In addition, both the percent of freshly isolated NK cells expressing IL-8 and IL-8 MFI were significantly greater in the IL-18+IL-12 condition compared to values with media alone ( Fig. 3 d, e) . Since NK cells can be functionally classified based on the level of CD56 expression, with CD-56 dim NK cells being more cytotoxic and CD56 bright cells considered to be more immunoregulatory with a greater propensity for cytokine production, we further stratified ( Fig. 3 f) . While following stimulation the CD56 bright subset had a significantly greater IL-8 expression than the CD56 dim subset, IL-18+IL-12 stimulation upregulated IL-8 expression by both subsets. Taken together, these results demonstrate that IL-18+IL-12 stimulation induces high levels of IL-8 production by primary, freshly isolated CD56 bright and CD56 dim NK cells. With the establishment that both primary expanded and freshly isolated NK cells produce IL-8 following stimulation with IL-18+IL-12, we sought to determine whether this phenomenon also occurred with NK cells in the context of PBMC as this more closely mirrors an in vivo en- ( Fig. 4 a) . Consistent with the results observed with pure NK cells, IL-18+IL-12 stimulation induced a significantly greater percent ( Fig. 4 b, c) and MFI ( Fig. 4 d) of NK cells in PBMC expressing IL-8 compared to media alone, demonstrating that this synergistic induction of IL-8 also occurs in the context of PBMC. While other cell types did produce IL-8 following stimulation, NK cells (CD56+CD3-) constituted between 10 and 40% of IL-8-producing cells despite making up only a small percent of the total PBMC population ( Fig. 4 e) . Small populations of both NKT and T cells also produced IL-8 following stimulation, indicating that the IL-8 response to stimulation may occur across lymphocytes and is not limited to NK cells. However, the MFI of NK cells was the highest observed among the different cell populations ( Fig. 4 f) . Together, these results indicate that while NK cells are not the only cell type in PBMC that produces IL-8 following IL-18+IL-12 stimulation, the IL-8 produced by NK cells consists of a substantial source of the IL-8 produced by PBMC following IL-18+IL-12 stimulation.
IL-2 or IL-15 Further Potentiates IL-18+IL-12-Induced IL-8 Production by NK Cells
Having established the synergistic effect of IL-18+IL-12 on NK cell IL-8 production, we then explored whether other cytokines could further enhance this synergy. IL-15 and IL-2 are known NK cell activators and survival factors and they have been shown to synergize with IL-18 and IL-12 [27] . Furthermore, IL-18+IL-12 stimulation has been shown to upregulate the expression of a highaffinity IL-2 receptor on NK cells, enhancing the sensitivity of NK cells to IL-2 [28] . Thus, it was pertinent to identify whether stimulation with IL-2 or IL-15 in combination with IL-18+IL-12 further enhanced NK cell IL-8 production. Indeed, the addition of either IL-2 or IL-15 to IL-18+IL-12 stimulation significantly enhanced NK cell IL-8 production as compared to IL-18+IL-12 alone, demonstrating that other cytokines are capable of further synergizing with IL-18+IL-12 to amplify this IL-8 response ( Fig. 5 ) .
Following IL-18+IL-12 Stimulation, IL-8+ NK Cells Are Phenotypically Similar to IL-8-NK Cells
Since the results in Figure 2 b demonstrated that only a subset of NK cells are positive for IL-8 following stimulation with IL-18+IL-12, we conducted a phenotypic analysis of the expanded NK cells following IL-18+IL-12 stimulation to determine whether the population of NK cells that produced IL-8 was phenotypically distinct from the NK cells that did not produce IL-8. We assessed phenotype via flow cytometric staining for various NK cell activation markers ( Fig. 6 a) , inhibitory markers ( Fig. 6 b) , and maturation markers ( Fig. 6 c) and compared the expression of these markers between the IL-8+ and IL-8-NK cell populations. Representative histograms for each 
IL-8 and IFN-γ Follow a Similar Pattern of Production Following IL-18+IL-12 Stimulation whereas TNF-α Levels Increase prior to IL-8 Levels
Having established that IL-18+IL-12 induces IL-8 production by NK cells in multiple contexts, we then sought to determine whether other mediators may be involved in inducing IL-8 production. Both IFN-γ and TNF-α have been shown to affect IL-8 production in different immune cell types [29, 30] . Given that IFN-γ and TNF-α are also upregulated by NK cells following IL-18+IL-12 stimulation, we assessed whether IFN-γ or TNF-α had an intermediate role in inducing NK cell IL-8 production. First, we characterized the temporal pattern of IL-8 production and compared this to the pattern of IFN-γ and TNF-α production. Expanded NK cells were stimulated for 24 h and then washed of cytokines. Supernatants were collected at multiple time points following the beginning of stimulation and used for IL-8 ( Fig. 7 a) , IFN-γ ( Fig. 7 b) , and TNF-α ( Fig. 7 c) ELISAs to quantify respective cytokine levels. Relative levels of IL-8 and IFN-γ followed a similar pattern of production: the majority of IL-8 and IFN-γ was produced between 12 and 24 h of stimulation and both IL-8 and IFN-γ levels diminished following the removal of cytokines at 24 h, although the viability remained comparable ( Fig. 7 d) . Conversely, there was a trend for TNF-α levels increasing relative to peak levels prior to IL-8 and IFN-γ, with over half of the TNF-α produced between 6 and 12 h. The delay in IL-8 production compared to TNF-α indicates that the mechanism of IL-8 production may differ from that of TNF-α and that other mediators may be involved in inducing IL-8.
TNF-α, but not IFN-γ, Partially Regulates IL-8 Production
In order to assess whether IFN-γ or TNF-α affects NK cell IL-8 production, expanded NK cells were stimulated with IL-18+IL-12 alone or with the addition of a neutralizing anti-IFN-γ, anti-TNF-α, or isotype control antibody, all at 10 μg/mL ( Fig. 8 a) . While neutralization of IFN-γ had no effect on IL-8 production, remarkably, neutralization of TNF-α significantly reduced IL-8 production by approximately 50% as compared to NK cells stimulated with IL-18+IL-12. A similar inhibition of IL-8 production was observed using concentrations of the anti-TNF-α antibody ranging from 5 to 100 μg/mL, whereas inhibition of IFN-γ had no effect on IL-8 production with even 100 μg/mL of neutralizing antibody (data not shown). In addition, TNF-α receptor blockade using etanercept at both 1 and 10 μg/mL inhibited IL-8 production similarly to the effects of TNF-α cytokine neutralization ( Fig. 8 b) . Taken together, these results demonstrate that TNF-α induced by IL-18+IL-12 stimulation is produced by NK cells prior to IL-8 and it plays an intermediate role by acting in an autocrine manner to amplify the synergistic effect of IL-18+IL-12 on NK cell IL-8 production.
To further characterize the synergy of TNF-α with IL-18+IL-12, we assessed the effects of adding additional re- . IL-8 levels were quantified via ELISA. c Expanded NK cells were stimulated (Stim) with indicated cytokine combinations or media for 24 h (0-24 h). At 24 h, the wells were washed and recombinant TNF-α (rTNF-α) was added to the indicated wells for an additional 24 h (24-48 h). IL-8 levels quantified via ELISA. d , e Expanded NK cells were stimulated with IL-18+IL-12 with the addition of 10 μg/mL of an IL-8 neutralizing antibody or ISO. Supernatants were collected following 24 h of stimulation and used to quantify IFN-γ ( d ) and TNF-α levels ( e ) via ELISA. Results were analyzed via one-way ANOVA. * * * p < 0.001, * * p < 0.01, * p < 0.05 ( n = 3 for all of the graphs).
combinant TNF-α (r-TNF-α) at different time points of stimulation on IL-8 production ( Fig. 8 c) . rTNF-α was added with IL-18+IL-12 at the beginning of stimulation to distinguish whether additional TNF-α could further enhance IL-8 production. rTNF-α was added following washing after 24 h of IL-18+IL-12 stimulation to distinguish whether IL-18+IL-12 could prime NK cells to respond to TNF-α in a temporal manner or whether the presence of TNF-α is required simultaneously with IL-18+IL-12 for the enhancement of IL-8 production. The addition of rTNF-α with IL-18+IL-12 at the beginning of stimulation did not further enhance IL-8 production, demonstrating that while TNF-α is required for optimal IL-8 production the signaling involved in enhancing IL-8 production is saturated at the endogenous concentrations of TNF-α produced by NK cells. Furthermore, the addition of rTNF-α at 24 h following IL-18+IL-12 stimulation did not induce IL-8 production, demonstrating either that the presence of IL-18+IL-12 is required for the synergistic effect of TNF-α or that TNF-α signaling must occur early during IL-18+IL-12 stimulation.
IL-8 Plays an Intermediate Role in Regulating NK Cell IFN-γ and TNF-α Production
To determine whether IL-8 in turn has the capacity to affect the NK cell response to stimulation, we added an IL-8-neutralizing antibody during IL-18+IL-12 stimulation and assessed the effects of IL-8 neutralization on IFN-γ and TNF-α production. Interestingly, IL-8 inhibition significantly reduced both IFN-γ ( Fig. 8 d) and TNF-α ( Fig. 8 e) production, indicating that the IL-8 produced by NK cells acts in an autocrine or paracrine manner to further enhance the cytokine response of IL-18+IL-12-stimulated NK cells.
Discussion
It has been well documented that stimulation with the combination of IL-18+IL-12 potently activates NK cells, inducing high levels of IFN-γ production. This activation is an important immune response to infections and it is currently being explored for cancer immunotherapies. However, to date, studies have primarily characterized this response in terms of IFN-γ production, with little focus on other cytokines produced. Given the importance of this response, it was pertinent to identify whether other cytokines are highly upregulated by NK cells in response to IL-18+IL-12. In the present study, we reveal that IL-18+IL-12 stimulation potently induces IL-8 production by NK cells, characterize this response in multiple contexts, and identify critical roles for TNF-α and IL-8 as intermediates that regulate IL-18+IL-12-induced NK cell cytokine production.
Microarray analysis of IL-18+IL-12-stimulated expanded NK cells revealed that IL-8 was among the top most upregulated mRNA. This was an unexpected response by peripheral blood NK cells, as high levels of IL-8 production are more classically associated with decidual NK cells, which are immunoregulatory, angiogenic, and functionally very distinct from cytotoxic peripheral blood NK cells [25] . Given the angiogenic and tumor-promoting functions of IL-8, along with its critical roles in the response to infections, it was important to determine whether these elevated levels of IL-8 mRNA translated to protein production and, if so, whether this was uniquely a phenomenon of expanded NK cells, or whether this occurred by NK cells in multiple contexts. Indeed, IL-18+IL-12 synergistically induced high levels of IL- We report that IL-15 and IL-2 additionally enhance IL-8 production by stimulated NK cells, which suggests that the IL-8 response may be enhanced in an in vivo context in which these cytokines are present , and in immunotherapies in which NK cells are preactivated with IL-18/IL-15/IL-12. The enhancement of IL-8 production by these common γ-chain cytokines is likely attributable to the previous finding that common γ-chain cytokines are capable of synergizing with IL-18 to activate NK cells [27] . Our findings indicate a potential role for the K562-mb-IL-21 cells in culture to prime expanded NK cells for IL-8 production since they express membrane-bound IL-21, another common γ-chain cytokine. While only modest phenotypic distinctions were observed between the IL-8+ and IL-8-NK cell populations using common phenotypic markers, our finding that the IL-8+ population had a greater expression of the IL-2 receptor CD25 than IL-8-cells suggests that other factors such as the differential expression of cytokine receptors may distinguish these populations.
Although IL-8 production by NK cells is classically associated with CD56 bright decidual NK cells, there have been some reports of IL-8 production by peripheral blood NK cells following certain methods of stimulation. Mainiero et al. [31] demonstrated that β 1 -integrin ligation on human NK cells induced IL-8 production through p38 MAPK signaling. In addition, IL-8 has been detected following combined stimulation of NK cells with CD16 monoclonal antibodies and various cytokines [32] . However, none of these methods of stimulation yield the striking levels of IL-8 produced particularly by freshly isolated NK cells following IL-18+IL-12 stimulation. Interestingly, stimulation of NK cells with platelet factor 4 has been shown to also induce remarkable levels of IL-8 production in peripheral blood NK cells via a mechanism dependent on the PI-3K pathway [33] . Our discovery of IL-8 production by IL-18+IL-12-activated NK cells in complement with these studies indicates that IL-8 production may be a response more characteristic of activated peripheral blood NK cells than previously appreciated.
We identified TNF-α, produced by NK cells in response to IL-18+IL-12, as an intermediate that enhances NK cell IL-8 production in an autocrine manner. Tufa et al. [34] demonstrated that IL-12 stimulation induces the upregulation of the TNF-α receptor TNFR2 on the surface of NK cells, suggesting the possibility for NK cells stimulated with IL-18+IL-12 to have an enhanced responsiveness to TNF-α. While an enhanced responsiveness to TNF-α may contribute to the intermediary effect of TNF-α on IL-8 production, we found that the added synergistic effect of TNF-α required the simultaneous presence of TNF-α with IL-18+IL-12. Previous studies have implicated TNF-α in either IL-12-or IL-18-induced IL-8 production. TNF-α has been shown to have an intermediate role in IL-12-induced IL-8 production by polymorphonuclear neutrophils [35] . Furthermore, IL-18-induced IL-8 production by PBMC and NK cells has been shown to require TNF-α [30] . However, to our knowledge, this is the first study to implicate TNF-α in the mechanism for the synergistic effect of IL-18+IL-12 on NK cells. In addition, we demonstrate that the IL-8 produced as a result of IL-18+IL-12 stimulation further activates NK cell IFN-γ and TNF-α production. Overall, these results further elucidate the mechanism of IL-18+IL-12 synergy by demonstrating that while IL-18+IL-12 initiates NK cell stimulation and cytokine production, other intermediates produced as a result of stimulation are required to propagate maximal NK cell activation in response to IL-18+IL-12. Given that IL-18+IL-12 synergy has multiple effects on NK cells, including the induction of memory-like NK cells, enhanced cytotoxicity, and IFN-γ production, future studies would warrant investigating the contribution of intermediates to these other synergistic effects.
Multiple strategies exploiting the synergistic effect of IL-18+IL-12 are being developed as cancer immunotherapies, with IL-18+IL-15+IL-12 preactivated NK cells currently in clinical trials [18] . IL-8 produced as a result of IL-18+IL-12 stimulation may have profound implications for cancer immunotherapies. There is a wealth of evidence implicating IL-8 in tumor progression [24] , suggesting a potential tumor-promoting role for the IL-8 released by NK cells in response to IL-18+IL-12. However, some studies have revealed evidence for antitumor activity of IL-8 in certain contexts. One such study was a clinical trial in which Her2+ cancer patients were treated with the combination of IL-12 and a Her2 monoclonal antibody that stimulates NK cells via CD16 [36] . In their preclinical work, they found that this combination treatment induced modest amounts of IL-8 production by NK cells, which stimulated T-cell chemotaxis [32] . Interestingly, in the clinical trial, it was found that peak levels of IL-8 in the serum were elevated in patients with favorable clinical outcomes as compared to patients with progressive disease [36] . Another study by Laprevotte et al. [37] demonstrated a critical role for IL-8 in the NK cell-mediated depletion of leukemia cells following rituximab treatment for chronic lymphocytic leukemia. These conflicting implications for IL-8 in cancer regulation suggest that the effects of IL-8 may depend on the type of environment in which it is being released. In the immunosuppressive environment of the tumor, IL-8 recruits neutrophils that release proangiogenic factors and other immune cells that are likely to be converted to a regulatory, tumor-promoting phenotype [38] ; however, in a proinflammatory environment, such as that in which IL-18+IL-12-activated NK cells are also producing high levels of IFN-γ, IL-8 may play a role in recruiting and activating immune cells that acquire an antitumor phenotype as a result of proinflammatory signals. While our results demonstrate that IL-8 produced by NK cells further potentiates NK cell proinflammatory functions such as IFN-γ and TNF-α production in vitro, it is imperative that future studies delineate the effects of IL-8 produced by IL-18+IL-12-activated NK cells on immune cells in the context of the tumor microenvironment, wherein the tumor-promoting functions of IL-8 could weigh against the immune activating functions.
In addition to cancer immunotherapies, IL-8 production by NK cells in response to IL-18+IL-12 stimulation may also have implications for the immune response to infections, particularly as IL-8 production was found to occur in NK cells in PBMC. NK cells play a key role in the early initiation of the immune response and coordination of the adaptive response. IL-18 and IL-12 are released early in response to infections by APC, inducing NK cell activation [5] [6] [7] . IL-8 both recruits and activates numerous innate and adaptive immune cell types, including neutrophils, monocytes, NK cells, and T cells and it has been shown to be critical for host defense in response to numerous infections [19] [20] [21] [22] [23] . Our results that NK cells contribute significantly to the IL-8 produced in PBMC following IL-18+IL-12 stimulation indicate a further mechanism through which NK cells may exert their roles as initiators and coordinators of the immune response to infection via recruitment and activation of other immune cells.
Our present discovery that IL-18+IL-12 stimulation synergistically induces IL-8 production by NK cells in a mechanism involving TNF-α has implications for both the immune response to infections and cancer immunotherapies utilizing IL-18 and IL-12. Overall, this study furthers our understanding of NK cell function and IL-18+IL-12 synergy by revealing and characterizing an unprecedented response by IL-18+IL-12-activated peripheral blood NK cells to produce high levels of IL-8 and identifying the role of intermediates in the mechanism of IL-18+IL-12 synergy.
